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INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION
Microalgae are considered to be one of the most viable feedstock for biofuels production in view of addressing concerns over sustainability of supply and environmental degradation associated with the use of fossil fuels. Microalgae, widely recognised as a good third-generation biofuel [23] feedstock, offer sustainability of supply; do not require arable land and clean water for cultivation; can multiply much faster than other crops [2, 26] and serve as very efficient systems for converting CO2 into biomass [22] via CO2 fixation [24] . Due to these advantages studies into the application of microalgae for the production of different biofuels have been on the increase in recent times [1, 4, 5, 7, 10, 12, 14, 15, 26, 27, 35 -40] . One of these approaches is to produce a range of transportation fuels from a single feedstock of microalgae synonymous to what is obtainable in the conventional crude-oil refineries. To achieve this, biocrude which is similar to conventional crude oil in physicochemical properties is produced from microalgae via liquefaction. The microalgae liquefaction enables the use of the whole microalgae biomass, contrary to lipid based processes which only utilize some part of it (like production of diesel via transesterification of microalgal oil). Hence microalgae liquefaction has the potential to produce higher yield of fuel per unit microalgae than the other methods in used. Furthermore, since the whole cell is used for the bio-crude production, it is not mandatory to grow high lipid microalgae [4] . Microalgae liquefaction is achieved either via fast pyrolysis or HTL. Both fast pyrolysis and HTL produce bio-crude at relatively high temperatures, by breaking down the constituent molecules of the microalgae into their elemental components [3] . The main difference between fast pyrolysis and HTL is that the former requires the feedstock to be almost completely dry, while the latter utilizes a feedstock with very high moisture content. This ability to handle feedstock with high moisture content gives HTL an edge over fast pyrolysis and 738 738 738 738 makes it a promising emerging technology with high prospect in microalgae conversion to fuels. HTL in general is especially suited for conversion of wet feedstock since the feed to the HTL process is water based slurry [39] and the reaction takes place in an aqueous medium. Consequently, it fits very well into the overall process of microalgae conversion to biocrude, because the microalgae is cultivated in an aqueous medium, which can subsequently be utilized as the HTL reaction medium. Additionally, because microalgae is grown in a very dilute medium the dewatering and drying steps take up a significant percentage of the total energy in the overall microalgae to fuel process. Therefore, avoiding the energy intensive drying step creates an opportunity for energy savings in the overall process [2] . Furthermore, HTL yields a relatively higher quality bio-crude (due to lower nitrogen content) with a higher energy and lower moisture content than fast pyrolysis [31] . Hydroprocessing has been identified as the best method for upgrading bio-crude oil into transportation fuels generally. Hydro processing (HDP) involves hydrotreatment (HDT), as a pretreatments step to improve the quality of the biocrude and make it suitable for further processing, and hydrocracking (HDC) to process the oil into the required finished products in the same way as crude oil, using the same technology. The finished products obtained referred as bio-derived fuels or bio-fuels are hydroprocessed renewable fuels like hydroprocessedrenewable-diesel (HRD) and hydroprocessedrenewable-jet (HRJ) fuels. Hydroprocessed renewable fuels are considered the most likely alternatives to replace conventional fuels, because they are very similar in properties and are directly applicable on current engines without any modification on the fuel system, distribution and/or the storage facilities [4] . Both HTL and hydroprocessing the HTL bio-crude have been considerably studied and well documented in literature [1, 4 -12, 14, 27, 28, 32 -40] , especially in recent times due to the renewed interest in the utilisation of microalgae as a sustainable feedstock for biofuels production. The succeeding sections of the paper discuss the HTL of microalgae and hydroprocessing the bio-crude in more details. Previous studies were used to explore the differences between the HTL bio-crude and conventional crude oil; as well as the resulting products and their corresponding compositions. (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , is used to breakdown the constituent molecules of an organic material into their elemental constituents. The process, which involves complex sequences of reactions, occurs in an aqueous medium within a residence time of 0. 2 -1.0 hr [3] . Figure 1 shows a possible mechanism of the HTL reaction [11] . In the HTL process, when the pressurized microalgae containing up to 80% water is subjected to subcritical temperatures, the water in condensed phase is used to convert the whole biomass into primarily liquid product (the bio-crude); and two other productssome gases and solid residue [4 -8, 10 -12, 14 -16, 19, 27, 28, 33, 35, 37-40] . The bio-crude consists of a hydrophobic oil phase with reduced oxygen content compared to the parent material (about 10 -18% less) and an aqueous phase. The three main constituents of microalgae are proteins, lipids and carbohydrates and their fraction relative to the total biochemical composition is highly species and growth conditions dependent [37] . Bio-crude is produced from all the constituents [39] , including non-lipid cellular components thereby increasing the yields in excess of the cell lipid content [2] . The lipid portion or triglyceride is hydrolysed into free fatty acids, the carbohydrate portion converted to phenols; while the hydrolysis of proteins yield amino acids [33] . Notably, however a higher lipid content can serve as an added advantage because it increase the yield of bio-crude by hydrolysing into free fatty acids, and improve the quality of bio-crude, which makes the subsequent upgrading process easier [4] . On the other hand, high protein content can serve as a disadvantage by yielding amino acids [33] . This is because the amino acids subsequently produce nitrogen containing compounds like amines and amides after decarboxylation and deamination, and also decompose into other nitrogen-containing rings such as indole and quinoline [33] . HTL as a biomass conversion process has a significant advantage of high energy efficiency [2] and high carbon conversion which can be up to 85% [4] , but the high content of nitrogen containing compounds is a key problem associated with the bio-crude. The process also has a downside of requiring high capital 739 739 739 739 cost (higher than fast pyrolysis) due to high pressure requirement [3] . Figure 2 shows the individual molecular components in the bio-oil obtained from the HTL of the microalga Nannochloropsis sp. [12] 2.3 Physicochemical properties of the HTL bio 2.3 Physicochemical properties of the HTL bio 2.3 Physicochemical properties of the HTL bio 2.3 Physicochemical properties of the HTL bio----crude crude crude crude The HTL bio-crude is generally a viscous oil, similar to conventional crude oil in properties. But its specific physicochemical properties are subject to its exact compositions, which in turn strongly depends on the microalgae species used as the HTL feedstock and its composition [12] ; as well as the exact process conditions under which the reaction is conducted [7] . This is essentially similar to conventional crude where the exact compositions depend on the specific crude oil in question. Table 1 shows the range within which the compositions of a conventional crude generally fits and the corresponding values for HTL bio-crude derived from different microalgae species. However, the significant amounts of heteroatoms (specifically nitrogen & oxygen, and sulphur to a lesser extent) contained in the bio-crude, are generally much higher than found in crude oil, and varies with microalgae composition as shown in Table 1 . These heteroatoms give the bio-crude additional characteristics different from conventional crude and which can lead to operational problems and technical failure of process equipment if not addressed. Figure 1 : Possible mechanism of HTL oil formation from proteins/carbohydrates [11] 740 740 740 740 The nitrogen and sulphur could be converted into NOx and SOx, respectively after combustion [14; 33] and thus will contribute to air pollution. This is a serious setback considering that environmental issues are among the key reasons for biofuels development. In a recent life cycle assessment (LCA) of bio-jet fuel produced through HTL of microalgae cultivated in wastewater effluent, Fortier and colleagues [28] showed that the GHG emissions of microalgae derived bio-jet fuel can be reduced by up to 76% compared to conventional jet fuel [28] . The bio-crude also has higher concentration of water than crude oil, which makes it corrosive and thermally unstable [11] . Additionally, the HTL bio-oil has very high viscosity due the presence of long chain fatty acids. This high viscosity poses problems for its utilization in transportation applications. Therefore, upgrading the bio-crude is necessary in order to remove the heteroatoms, halogens & metals [19] ; and improve thermal stability and viscosity; to make it suitable for transportation applications [33] . Without upgrade, it can only be used as a heavy crude oil replacement for co-firing with coal [2] . The upgrade however, makes the bio-crude a good candidate for producing high quality distillate fuels, especially the middle distillates. Figure 3 shows the transformation of microalgae biomass to HTL biocrude (bio-oil),to upgraded bio-crude as a mixture of fuels (hydrotreated bio-oil), and to fractionated individual fuels. Middle distillates fuels refer to a range of refined products condensed in the middle of the distillation column during crude oil refining [30] , between the lighter fractions and heavier products of the process [29] . They are medium sized hydrocarbons which exists in liquid state, having approximately 11 to 18 carbon atoms in their molecules [30] . They typically include kerosene, distillate fuel oil and gas oil, normally used as jet fuel for aircrafts or lighting; cooking & heating; as diesel fuel; and as home heating oil respectively [29, 30] .
741 741 741 741 Figure 3 : Physical transformation of microalgae biomass to HTL bio-crude and to upgraded oil [19] The technical path used to produce liquid fuels from bio-crudes is hydroprocessing (HDP), where the oil is reacted with hydrogen over a catalyst to produce a targeted mixture of hydrocarbons (fuels) specifically alkanes, with water, CO2 and CO as the by-products. The alkane mixture can then be cracked and/or fractionated to different fuels like middle distillates HRJ and HRD [34] . Both HRJ and HRD are considered drop-in fuels because they are compatible with conventional petroleum processes & equipment; transportation and storage facilities; existing fuel infrastructure; and can be blended with petroleum products in any proportion [34] .
Hydroprocessing the bio-crude is relatively convenient in the sense that it converts up to 95% (by volume) of the bio-crude, produces primarily long chain hydrocarbons (from lipids) and smaller chains plus cyclics (from protein and carbohydrates), using commercially available technology [4] . The process is generally seen as an extension of petroleum processing and system requirements are not far outside the range of conventional hydroprocessing [16] . Furthermore, in the resulting distillate fuels performance properties are more or less equivalent to those of conventional petroleum fuels, with potentially lower greenhouse gas emissions [17; 28] . Hydroprocessing is a crude oil refining process which involves a number of different sub-processes, depending on the structural and compositional properties of the feeds [31] , as well as the desired products.
Hydroprocessing involves chemical reactions with hydrogen gas, and is typically a catalytic process operated at elevated pressure, usually to remove heteroatoms, remove unsaturation, and reduce molecular weight [1, 16] . For middle distillate fuels production the required hydroprocessing reactions involves hydrotreatment (HDT) and hydrocracking (HDC) processes. HDT to remove the heteroatoms; reduce the viscosity; improve the thermal stability; and increase the energy content [34] ; and HDC to reduce molecular weight by cracking higher molecular weight hydrocarbons into lower ones [16, 20] . Typical catalysts reportedly used for hydroprocessing HTL bio-crude include NiMo/γ-Al2O3 and CoMo/γ-Al2O3 [18, 41] . Generally, CoMo is characterised by higher activity while NiMo is characterised by higher selectivity [41] . In a recent study [39] on the process design and economics for the conversion of whole microalgae biomass to liquid fuels via HTL and HDT, Jones et al., [39] employed CoMo/alumina-F catalyst which is commonly used in petroleum hydrodesulfurization (HDS), and known to be active for nitrogen and oxygen removal as well. In other recent developments bi-functional catalyst for example Ni/Zeolite (Hbeta, ZSM-5) have been used for upgrading microalgae derived bio-oil at 260 O C, 40 bar H2 and 78% conversion was achieved [41] . Torriet al., [38] investigated the effect of H-ZSM-5 (which is known to catalyse various reactions involving nitrogen) on the production of hydrocarbons from the HDT of oils derived from HTL of microalgae. They indicated that [38] besides the well-known deoxygenating activity, HZSM-5 can be used as an interesting way to reduce nitrogen content to acceptable limit. Their results [38] showed that the microalgae HTL bio-oil can be converted into a 742 742 742 742 mixture of aromatic and aliphatic hydrocarbons with appreciable conversion yields [38 [18] . These n-alkanes make the resulting fuel become of higher energy contents than their precursor oil fed into the HDO process [18] . The HDO and HDN reactions also saturates double bonds, and cleave the propane backbone of any available triglycerides [17] . Figures  4a and 4b shows some examples of HDO and HDN reactions. HDN and HDO are either achieved using two separate reactors or a two-in-one reactor with a catalyst that can selectively remove both nitrogen and oxygen.
A previous study suggest that by using a continuous operation in a single hydrotreater, oxygen content can be reduced to less than 1% and the nitrogen content to <0.3%. An example of single stage HDT is shown in Figure 5 . Typical HDT conditions for microalgae derived HTL bio-crude are approximately 350 to 400°C; and 6 to 12MPa, [some studies suggest pressures as low as 3 MPa for similar type feedstock) [39] . The water formed and hydrocarbons phases exiting the HDT are cooled, condensed and fractionated into four boiling point cuts: C4 minus (offgas), naphtha range (gasoline pool), diesel range (diesel pool), and heavy oil range material (to be sent to hydrocracker) [39] .
Figure 4a: Hydrotreatment reaction [34] Figure 4b: Hydrodeoxygenation and hydrodenitrogenation of bio-crude [38] Figure 5: Process flow diagram for hydrotreating HTLbio-oil [39] Figure 6: Typical product distribution of hydrotreated microalgae derived HTL bio-crude [19] Generally, the chain-lengths of the hydrocarbons obtained from biological feedstock are typically C11 and above, normally C14-C22 [32] . The main products from HDT process composed of predominantly a wide range of straight chain alkanes of C9 -C20 carbon range [17] . But for microalgae with relatively high lipid content (fatty acids and esters) the bio-crude will be predominantly C18 hydrocarbons. Figure 6 shows a typical product distribution from the fractionation of a hydrotreated microalgae derived HTL bio-crude [19] . Therefore, the products from HDO and HND will be mostly diesel fuel range molecules with about 15% by volume as jet/kerosene range, and minimal LPG & naphtha as co-products. Consequently, to produce more middle distillate hydrocarbons, hydrocracking is necessary [32] . And so to the diesel range has to be cracked down to increase the volume of jet/kerosene fuel range [17] . In the hydrocracker, any desired lower chain hydrocarbon like kerosene/jet-range can be produced. [34] . It is an effective way of producing large amounts of lighter hydrocarbon products from heavier hydrocarbons, but it requires high temperatures and pressures, which are quite difficult to handle and expensive [3] .
The process is normally carried out at a temperature of about 350°C, and a pressure anywhere between 1 to 12MPa, in the presence of a catalyst -Alumina being the most widely used [3] . Hydrocarbons heavier than diesel from the HDT unit are processed in a manner similar to conventional petroleum hydrocracking [39] to obtain jet-range fuel and naphtha. Mostly, and depending on the HDC catalyst employed, the HDC reaction occurs co-currently with selective hydroisomerization, HDI [20] . HDC creates shorter carbon chains while HDIintroduces some branching into the linear hydrocarbons [41] if required -for example to ensure that 8% by vol of kerosene range are aromatics to fulfil the requirement for its application as a jet fuel. The HDC process can be operated to achieve any desired product distribution like maximising either of diesel fuel or jet fuel range hydrocarbons. In theory, jet-range fuel and naphtha could be created by converting C18 → C10 + C8, with no additional byproducts. However, in reality the selectivity of the cracking reaction is difficult to control and the products range in size from C3 through C15 [17] . The lower carbon chain hydrocarbons occurring as gases are produced due to inevitable over-cracking, thereby giving a typical product breakdown of 8, 86, and 6% of gas, liquid fuel and aqueous products by weight of hydrotreated oil respectively [39] and broadly adopted for the modelling, simulation and analysis of biofuel processes. The software simulates steady-state chemical process reactions and calculates mass and energy balances based on user input [1] Huoet al. [20] conducted a modelling and simulation of HRD production from vegetable oil in Aspen Plus, to generate a material and energy balances as input for the LCA of the process. Pearson et al. [17] reviewed the HEFA (Hydroprocessing Esters and Fatty Acids) process for liquid fuels production from vegetable oils, and used Aspen Plus to conduct the material and energy balances around all the unit operations and supporting utilities. Their simulation model was designed for two product profiles i.e. maximum distillate production (which involves only HDT) and maximum jet fuel production (which involves both HDT and HDC). The maximum distillate profile was made for the production of mostly HRD while minimizing LPG and naphtha co-product, while the maximum jet profile was to produce more of HRJ by catalytically cracking diesel the range molecules. In a more recent work, Jones et al [39] used Aspen Plus to study the hydroprocessing of microalgae derived HTL bio-crude for the production of distillate fuels. A process model in Aspen Plus consists of two sections: physical property models and unit operation models. The simulation environment on the other hand has three sections [20] i.e. the components list, where chemical species are defined; physical property option sets, where the set of physical property models to be used for the simulation are selected; and the flow sheet where the series of unit operations describing the process flow are shown. A simulation model in Aspen Plus therefore depends on the correctness of the users input in each of the stated sections. The most challenging aspect in modelling bio-related processes is in defining the inputs to serve as components for the desired process.
Hydroprocessing Simulation inputs Hydroprocessing Simulation inputs Hydroprocessing Simulation inputs Hydroprocessing Simulation inputs
To build a model for hydroprocessing the HTL biocrude to middle distillate fuels, a components list is required to be defined to represent HDT the input or bio-crude, another list as the HDT output or hydrotreated bio-crude (which will also be the feed to HDC), and finally the HDC output in the form of fuels produced. Since the bio-crude is a complex mixture of different components [39] actual chemical species must be selected to represent constituent components. The most important thing in making the selection is that the number and type of compounds used in the Aspen Plus® model to represent any component must reasonably match several key properties such as elemental composition (C, H, O, N, S), quality based on GCMS data, density, and heating value [1] . Other important properties to be considered are the expected bio-crude distillation range and aqueous solubility, especially for the purpose of HDC and the subsequent fractionation of the desired fuel products. Tables 2 and 3 show the list of compounds selected and their corresponding compositions used by Jones et al. [39] in developing the Aspen model for the simulation of HDT of microalgae derived HTL biocrude to produce HRD. Each of the compounds listed and their given percentage compositions represents a group of compounds that taken together exhibit the desired bulk properties [39] . C18H38, which is within the range of diesel hydrocarbons [20] . The other components as by-products of the process (naphtha and LPG) are normally specified as conventional petroleum refining products. Likewise, the final products HRD and HRJ are not specific components but complex mixtures of hydrocarbons. However, for simplicity they can be modelled like conventional corresponding fuels. For example HRD can be modelled as a single component, Huo et al. [20] specified HRD (green diesel) with a specific gravity of 0.78 and a MW of 254, and Naphtha with a specific gravity of 0.7 and a MW of 100 in their simulation. These components are registered as conventional component for the simulation. The process flow sheet, based on the HDT process description in section 3.2.1 is shown in Figure 7 , while Figure 8 shows the flow sheet for HDT of the hydrotreated oil based on the process described in section 3.2.2.
EXPECTED RESULTS EXPECTED RESULTS EXPECTED RESULTS EXPECTED RESULTS
Previous studies indicate that the yield of fuels obtainable from hydroprocessing HTL bio-crude strongly depend on the exact composition of biocrude and the process conditions to a lesser extent. Theoretically, when the process is operated at optimum conditions total fuel output can be estimated from [40] Chen [18] indicates that yield of biodiesel can be approximately 81% of the feed oil by weight or 92% by volume depending on the feed composition [18] , while up to 95% by vol is suggested by another study [4] . Also other studies indicate that hydroprocessing almost all microalgae HTL oil achieved more than two thirds of the theoretical efficiency, meaning that the actual conversion effectiveness is very much close to the theoretical one [38] . *the compositions were not exactly given in the reference [39] as presented here, but were deduced from there to serve the purpose here Source [39] *the composition were not exactly given in the reference [39] as presented here, but were deduced from there to serve the purpose here
Other more optimistic studies reported mass yields of up to 85% for HTL oil derived from four different types of Nannochloropsis,; and a similar work on Tetraselmiss showed a comparable range and less than 1 wt% oxygen in the product [39] . However, 746 746 746 746 others [38] found less optimistic result, suggesting that the mass yields of total hydrocarbons from the HDT and HDC of the microalgae HTL bio-oil only ranges between 31% and 51% [38] . Table 4 shows the different percentages of fuels obtained by different studies on HDP. [39] 
